Oral supplements of arginine and citrulline increase local nitric oxide (NO) production in the small intestine and this may be harmful under certain circumstances. Gastrointestinal toxicity was therefore reviewed with respect to the intestinal physiology of arginine, citrulline, ornithine, and cystine (which shares the same transporter) and the many clinical trials of supplements of the dibasic amino acids or N-acetylcysteine (NAC). The human intestinal dibasic amino acid transport system has high affinity and low capacity. L-Arginine (but not lysine, ornithine, or D-arginine) induces water and electrolyte secretion that is mediated by NO, which acts as an absorbagogue at low levels and as a secretagogue at high levels. The action of many laxatives is NO mediated and there are reports of diarrhea following oral administration of arginine or ornithine. The clinical data cover a wide span of arginine intakes from 3 g/d to .100 g/d, but the standard of reporting adverse effects (e.g. nausea, vomiting, and diarrhea) was variable. Single doses of 3-6 g rarely provoked side effects and healthy athletes appeared to be more susceptible than diabetic patients to gastrointestinal symptoms at individual doses This article reviews the possible gastrointestinal toxicities that might arise from ingesting supplements of arginine and related compounds. This relation can be defined in 2 ways. First, arginine, the other dibasic amino acids, ornithine, and cystine all share a common intestinal transport system. In addition, arginine is metabolically related to ornithine, citrulline, homocitrulline, and the polyamines. None of these compounds is found in the diet in significant quantities, but they have all been used as therapeutic supplements. Gastrointestinal toxicity might therefore arise through direct effects on the gut or through production of a metabolic product such as nitric oxide (NO) 3 . Although glutamine and glutamate are intimately related to intestinal arginine metabolism, they will not be discussed and the reader is directed elsewhere (1,2).
This article reviews the possible gastrointestinal toxicities that might arise from ingesting supplements of arginine and related compounds. This relation can be defined in 2 ways. First, arginine, the other dibasic amino acids, ornithine, and cystine all share a common intestinal transport system. In addition, arginine is metabolically related to ornithine, citrulline, homocitrulline, and the polyamines. None of these compounds is found in the diet in significant quantities, but they have all been used as therapeutic supplements. Gastrointestinal toxicity might therefore arise through direct effects on the gut or through production of a metabolic product such as nitric oxide (NO) 3 . Although glutamine and glutamate are intimately related to intestinal arginine metabolism, they will not be discussed and the reader is directed elsewhere (1,2).
A brief history of therapeutic oral use of arginine and related amino acids Arginine has been widely used because of its pivotal role in synthesis of urea, NO, and creatine (3) . This makes arginine (and related amino acids) useful in treating insufficiencies of the urea cycle [e.g. hyperammonemia in liver failure (4) ], insufficiencies in NO production (5) (6) (7) (8) (9) , and inborn errors of creatine synthesis involving defects in arginine:glycine amidinotransferase and guanidinoacetate methyltransferase (10) .
Supplements of arginine, ornithine, or citrulline are commonly ingested as the Cl 2 salt or as the salt of other anions such as a-ketoglutarate [i.e. ornithine a-ketoglutarate (OKG)], aspartate, pyroglutamate, or malate. The organic anion may exert synergistic effects, as appears to be the case with OKG (11) .
Many of the studies cited in this article use the Cl 2 or the basic amino acid and this may, itself, be deleterious, because arginine hydrochloride contains 4.8 mequivalents Cl 2 /g and may provoke a hyperchloremic acidosis if taken acutely in excess (12) .
Arginine and ornithine were first used to treat hyperammonemia by providing a sufficient supply of urea cycle intermediates. This was a serendipitous finding that arose from the switch from protein hydrolysates for i.v. nutrition to the potentially more flexible L-amino acid mixtures in the mid 1980s. The hydrolysates were generally successful and safe (13, 14) , but the L-amino acid mixtures caused problems. Sufficient arginine should be added to prevent hyperammonemia, which could be fatal (15) . It was therefore a short step to suggest that arginine and ornithine supplements could successfully treat hepatic encephalopathy, of which 1 causal factor is hyperammonemia. In this therapy, arginine has been administered as the chloride salt (16) or as the aspartate salt, whereas ornithine has been administered as the hydrochloride salt, the aspartate salt (17) , or the a-ketoglutarate salt (18) . The amounts of L-arginine that were initially given were high [100-150 g/d; (16) ] and Molimard (18, 19) reported that i.v. infusions of 50 g of OKG corrected blood biochemistry and improved electroencephalogram scores.
The ability of arginine and ornithine to stimulate the pancreatic and pituitary axis has been used to alleviate growth retardation in children (20) and to promote growth hormone release in endurance athletes or body builders, with the hope of also relieving the hyperammonemia of intense exercise (21) (22) (23) . Additionally, oral arginine or OKG have been used to promote wound healing in elderly people with pressure sores (6, 24) and in scar healing of surgical scars (25, 26) or burn scars (26, 27) .
However, the most intense research has been performed on the ability of oral arginine supplements to increase NO production. This has been investigated in progressive renal failure (28) , atherosclerosis (29) , pulmonary hypertension after congenital heart surgery (30), hypertension (31), pressure sores (24), erectile dysfunction (9) , and necrotizing enterocolitis in premature infants (32) .
Cysteine has been widely used since the early 1960s as a mucolytic agent in treatment of pulmonary symptoms of asthma and chronic obstructive pulmonary diseases such as cystic fibrosis (33) . It is also thought to be the limiting amino acid in glutathione synthesis (34) and oral supplementation is an effective means to augment glutathione pools that have been depleted by oxidative damage (35, 36) . Paracetamol (acetaminophen) overdose causes depletion of liver glutathione pools and subsequent liver failure and supplemental N-acetylcysteine (NAC) is effective if given orally or i.v. within a few hours of overdose (37) .
General considerations on gastrointestinal toxicity
Because the gastrointestinal tract experiences the first effects of orally administered arginine, its function might be a sensitive barometer of toxicity. Oral ingestion of arginine should, theoretically, increase local production of NO via intestinal constitutive NO synthase (NOS) or NOS-1. NO is involved in nearly every aspect of intestinal function and controls water and electrolyte transport (38) , vasomotor function and, hence, vascular perfusion (39, 40) , motility at all levels of the intestine (40) (41) (42) , and modulation of the inflammatory response of the intestine (43) . In addition, excess NO production may be deleterious if intestinal disease is present. For example, in patients with cirrhosis and portal hypertension, increased local NO production may exacerbate vasodilatation (44) . Likewise, in patients with collagenous colitis, luminal arginine perfusion exacerbated the preexisting secretory state (45) .
A second effect might arise if large oral amino acid supplements by-pass the normal mechanisms that regulate gastric emptying so that a large and damaging hypertonic load would be presented to the small bowel mucosa.
How can intestinal toxicity be defined? Diarrhea is the simplest gauge of intestinal ill health, because it reflects an impairment of the ability of the intestine to conserve water and electrolytes, which is as important as assimilation of nutrients. Phillips (46) proposed that diarrhea was a hallmark of intestinal failure for this reason and other symptoms such as flatus, distension, pain, and borborygmi add further refinement because the definition of ''diarrhea'' is problematic (47) . We and others have used this simple approach to determine oral tolerance to nonabsorbed but fermentable sugars, sugar alcohols, and fructose oligomers (48) (49) (50) (51) , which sweep water and electrolytes into the large bowel and, at a high enough dose, can temporarily overwhelm its salvage capacity, causing osmotic diarrhea (46, 52) . Do arginine, ornithine, and citrulline cause diarrhea? Using these criteria, the literature was searched for all trials in which oral arginine, ornithine, and citrulline had been given to healthy volunteers or patients ( Table 1 ). The writer was struck both by the wide indications for these compounds and by the lack of consensus on dosage regimes (Table 1) . Reporting of adverse effects was often inconsistent or nonexistent and, even where placebo and treatment had been compared, the incidence of gastrointestinal side effects varied greatly (Table 1) . In some studies, authors commented on tolerance to the oral supplement; several studies reported no side effects even when large doses were administered. Side effects did not appear to be related to the concentration of plasma L-arginine that was achieved and would provide the substrate for systemic NO synthesis.
Adverse effects were observed [e.g. (22, 55) ] at single doses .10 g and comprised nausea or vomiting or diarrhea. In other studies where similar dosages were given [e.g. (71, 73, 74) ] few, if any, side effects were reported.
The differences between tolerance in healthy people and patients are noteworthy and could be explained in several ways. First, the dosage regime used might be important and smaller divided doses might lead to fewer side effects. Second, the preexisting proabsorptive or prosecretory state of the intestine may be important and, last, the difference in insulin resistance between healthy young subjects and patients may markedly alter gastric and small bowel motility, thus mitigating secretory effects.
We observed the importance of these factors several years ago when investigating the metabolic effects of oral OKG administered by bolus or by continuous infusion during a 12-h enteral diet infusion in healthy volunteers (75) . During some of the infusions, subjects experienced explosive diarrhea ;120-180 min after the start of the diet infusion. As we had already observed that L-ornithine tended to reduce water absorption at higher perfused concentrations (76) , it seemed that ornithine was the causative factor per se. Certainly, it occurred most frequently following the 20-g bolus, not the 10-g bolus or during the 10-g infusion. However, subsequent studies showed that nasogastric enteral feeding per se caused diarrhea in healthy volunteers, because it establishes a secretory state in the fasted ascending colon (77, 78) . Thus, in the OKG study, the combination of a secretory state and the extra stimulus provided by a 20-g bolus of OKG may have overwhelmed the reserve absorptive capacity of the colon (52) . This example makes it clear that there are several factors that affect gastrointestinal toxicity. Effect of mixed amino acids on collagen growth using subcutaneous collection tube (n ¼ 35) 
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Possible causes of dibasic amino acid-induced diarrhea
The secretory effect of high perfused concentrations of L-arginine (79) was shown to be unique to L-arginine (not D-arginine) and it seemed that the effect was mediated by NO synthesis (80) . However, during intestinal perfusion, L-arginine perfusion could not only reverse the prosecretory effects of NOS inhibition (81) but also caused secretion (as did the NOS inhibitor L-NAME). In contrast, luminal or systemic inhibition of NOS or i.v. arginine infusion reversed the prosecretory state induced by cholera toxin (82) . This is clearly a complicated picture, because it implies that NO can be both a secretagogue at low concentration and an antisecretory absorbagogue at high concentrations. In other words, NO production is an important means of maintaining the appropriate secretory/absorptive state and may form a feedback loop that controls water and electrolyte balance in the intestine (83) . Most stimulant laxatives require production of intestinal NO to exert their secretory effects. This can generally be blocked by NOS inhibitors whose action can be reversed by L-arginine (38) . Finally, in patients with collagenous colitis, which is characterized by a prosecretory colonic state, luminal perfusion with the NOS inhibitor, L-NMMA, reduced fluid secretion, whereas L-arginine increased it (45) . In contrast, arginine supplementation seems safe when given to neonates with necrotizing enterocolitis, perhaps the most extreme form of intestinal inflammation that is characterized by severe ischemia/reperfusion injury (32, 84, 85) .
Quantitative aspects of intestinal absorption of arginine and related compounds
The dibasic amino acids and ornithine and cystine are absorbed via the heteromeric intestinal amino acid transporter b o,1 (86, 87) whose activity is blocked in cystinuria, which arises from a mutation of either of the genes for the 2 subunits (rBAT and b o,1 AT). Early studies confirmed that the defect covered uptake of all of these amino acids in vivo (88) and in vitro (89) .
Variants of cystinuria differ in the severity with which L-arginine or L-cystine absorption is impaired; intestinal absorption of the cysteine, but not disulfide cystine, is normal in cystinuric patients (90) , whereas there is always a minor component of arginine uptake which can, at best, be described as ''diffusional'' and thus not subject to transport via a completely defective transporter (79) . As Hellier and colleagues (79) discovered during human jejunal perfusions, cystinuria reduced absorption of lysine profoundly but not completely. However, this does not mean that malabsorption of arginine from dietary protein occurs in cystinuria, because a significant amount may be absorbed in the form of di-and tripeptides released during protein digestion (91, 92) . Oligopeptide uptake in the human intestine may therefore be the major mode of dietary nitrogen assimilation at the mucosal surface (see Fig. 1 ).
Intestinal assimilation and metabolism of arginine From protein meals. Pancreatic trypsin and carboxypeptidase B preferentially release lysine and arginine as free amino acids from dietary protein (93) so that after a protein meal, the free L-arginine concentration in the succus entericus increases from 0.36 mmol/L arginine (94) to 1.86 mmol/L with an increment of 0.16 mmol/L in peptide-bound arginine (95) . Amino acid or protein meals almost exclusively increase the luminal concentration of free L-arginine, whereas a partial hydrolysate of protein not only maintains high luminal peptide concentrations but is also absorbed faster than the equivalent free amino acid mixture (96) . This so-called kinetic advantage of peptide preparations was confirmed by Rérat and colleagues in multiple-cannulated conscious pigs (97) . They demonstrated that not only was production of amino acids not present in the meal (i.e. asparagine, ornithine, citrulline, and taurine) at the expense of metabolism ), which was unaffected by ornithine concentration (76) . The only in vitro kinetic study of cystine or cysteine uptake reported that the K t for cysteine was 1.4 mmol/L (90) .
These data therefore indicate that during intestinal perfusion, the dibasic amino acid transport system has modest capacity but high affinity with a component of passive diffusion. Following a protein meal, luminal arginine concentrations match the K t . This transporter system comprises 4 different transport proteins. At the apical membrane, amino acid uptake via b o,1 AT is driven by the membrane potential and exchanges dibasic amino acids and L-cystine for intracellular neutral amino acids that reenter via System B o . At the basolateral membrane, dibasic amino acids efflux via y 1 LAT1 in exchange for extracellular neutral amino acids. L-Cystine uptake is essentially ''downhill,'' because the concentration gradient is maintained by intracellular reduction of L-cystine to L-cysteine (90) . Cystinuria and lysinuric protein intolerance arise from defects in the apical and basolateral transporters, respectively (87,100,101). Although some neutral amino acids can trans-stimulate arginine uptake, dipeptide uptake via di-and tri-peptide transporter (PEPT1) is a much more efficient stimulatory couple to dibasic amino acid transport (102) . Thus, if adverse effects arising from arginine intake were purely osmotic, then coingestion of a stimulatory neutral amino acid or dipeptide might increase arginine absorption and relieve the symptoms.
Following single or multiple oral amino acid doses. The bioavailability of single oral doses of arginine (3-30 g) varies from 21 to 68% depending on the experimental method (57, 103, 104) , whereas only 6-10% of NAC is bioavailable (105, 106) . If included in a meal, the bioavailability of NAC is much higher (107) . Citrulline is also being investigated as a supplement from which arginine can be synthesized. The intestine of preterm infants is unlikely to be able to synthesize arginine from citrulline because of the low activity of argininosuccinate synthase and argininosuccinate lyase (108) . In contrast, these enzymes are expressed at a higher level in term infants as a result of the cortisol surge of later in trimester 3 (109, 110) . The intestine may therefore be a major site of arginine synthesis in early life. This is eventually overtaken by development of renal arginine synthesis. In one recent study in children undergoing cardiopulmonary by-pass, oral citrulline supplements markedly increased plasma citrulline and arginine concentration and improved NO production (30) . Conversely, the ability of oral arginine to increase plasma arginine and citrulline has been repeatedly shown in adults [e.g. (57)]. However, the increase in plasma citrulline concentration does not always occur (24, 111) and there appear to be ''responders'' who increase plasma citrulline concentration and reduce glucose production and ''hyporesponders'' who do neither (54) . This may be a result of insulin resistance, because diabetes diverts the balance away from intestinal citrulline production toward net wholebody arginine synthesis (112) (113) (114) (115) . Perhaps the variable efficacy of citrullinemia following oral arginine loading reflects the extent of insulin resistance in different subjects. This will be discussed later.
The special case of cysteine and cystine absorption and gastrointestinal toxicity As discussed above, 4 clinical situations in which cysteine/ cystine toxicity should be considered are cystinuria, chronic AT. Right: Arginine released during protein digestion as di-or tripeptides will be absorbed either as intact peptides via PEPT1 or, after hydrolysis to free amino acids, as free arginine via b o,1 AT. Arginine released from dietary protein as the free amino acid will be absorbed directly by b o,1 AT (14) .
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obstructive pulmonary disease, paracetamol overdose, and critical illness (where glutathione pools may be depressed). Cystinuria is characterized by excessive deposition of insoluble cystine crystals and stones within the urinary system. Treatment involves oral bicarbonate therapy that alkalinizes urine and thus solubilizes cystine or a-mercapto-propionylglycine or D-penicillamine treatment that converts cystine to more soluble mixed disulfides (100). In addition, oral mega-therapy with vitamin C has been used to reduce cystine to its more soluble cysteine form that can be reabsorbed via the renal tubular small aliphatic amino acid transporter (ASC) system. Results of this therapy have been both encouraging and inconclusive (116, 117) . In contrast, cyst(e)ine uptake from dietary protein is normal in cystinuric patients, because much is taken up either as cysteine (90) or in di-and tripeptide form (118) (Fig. 1) .
Under physiological conditions, a large efflux of reduced glutathione (GSH) and cysteine into the intestinal lumen (119) forms a redox control system that stimulates epithelial cell proliferation (more reduced) or apoptosis (more oxidized) and, hence, the health of the gut (120, 121) . It has been proposed that luminal GSH that has been oxidized by factors such as mucosal peroxidized lipids can be regenerated through the action of secreted cysteine, which will then be absorbed as cystine, reduced within the enterocyte, and secreted again (122) (Fig. 1) .
Oral NAC must be deacetylated by mucosal brush-border N-acylases (123) before cysteine can be absorbed (Fig. 1) . As discussed above, it is unclear how much of the cysteine liberated from NAC is converted to cystine within the intestinal lumen.
In the case of paracetamol (acetaminophen) overdose, rapid administration of NAC is most important if liver failure is to be prevented (124) and the regime requires a loading dose of 140 mg/kg with 17 following doses of 70 mg/kg every 4 h (total NAC, 1330 mg/kg over 72 h or 31 g/d for a 70-kg patient). The route of administration is still controversial. Oral treatment caused a high incidence of nausea, vomiting, and abdominal pain in 56% of patients in a large study (125) and 63% of patients in a small study (126) . I.v. administration of NAC has fewer gastrointestinal side effects, but skin rash may be more common. The controversy is not over effectiveness but cost. I.v. treatment is US$400-500 more expensive than oral therapy (127) , but the higher cost was more than offset by higher hospital charges arising from lengthened stay due to side effects after oral administration (128) .
In most clinical trials, however, in which NAC has been used as an antioxidant, side effects are rare at the typical dosage regime of 0.6-3.0 g/d in divided doses. In placebo-controlled clinical trials of NAC in patients with HIV/AIDS (129) or idiopathic pulmonary fibrosis (130) adverse gastrointestinal events occurred equally in NAC and placebo groups. A recent meta-analysis of meta-analyses (131) concluded that prophylactic NAC given to prevent contrast medium-associated nephropathy was associated with no evidence of toxicity or adverse effects in the 2284 patients enrolled in the trials.
To conclude, NAC ingested orally in small doses does not seem to cause any gastrointestinal symptoms but given at high doses has potent effects on the intestine. The etiology of these effects is unclear but may involve acute disturbances of luminal redox state. These conclusions were derived from a reasonable series of medium-sized clinical trials.
It is clear from the literature that arginine, ornithine, and NAC can produce adverse effects on the gastrointestinal tract when ingested at high doses but not when given as smaller divided doses. It is also clear that an effect of doses .10 g is not universally observed and in most studies, L-arginine was as well tolerated as L-citrulline and OKG (Table 1) . There is clearly a need to establish the laxative threshold of these compounds, which is defined as the dosage that provokes symptoms of predetermined severity in 50% of subjects. If we were, for the sake of argument, to postulate that 15 g of L-arginine provoked gastrointestinal symptoms in 50% of subjects, then this dosage contains 86 mmol of arginine, which compares with the laxative threshold of 74 g (194 mmol) (49) for lactitol. However, with lactitol, the effect of divided doses was cumulative, whereas the evidence suggests that by simply dividing the doses, symptoms could be eliminated at a daily intake of 30 g arginine (56) . This simple maneuver might reduce the luminal point load presented to the small intestine below a critical threshold. By analogy with water instilled into the large bowel, slow infusion did not provoke diarrhea, whereas rapid infusion of 500 mL did (52) . At present, with respect to these amino acids, there is insufficient evidence to address this point. In one study, the rate of gastric emptying of a solution containing 12 g L-arginine was no different if 25 g of glucose was added (132) . Although large oral amino acid loads have been shown to delay gastric emptying (107, (133) (134) (135) , an intriguing study recently showed that during continuous enteral nutrition, a 15-g bolus of arginine promoted earlier gastric relaxation (107, 136) , whereas high doses of 30 g induced diarrhea, as we had found with OKG (75) . There is clearly a need to investigate this topic, because coingestion with other nutrients may be a way to improve compliance in healthy individuals by avoiding gastrointestinal side effects.
Patients appear to be more tolerant to the effects of single, large doses of L-arginine than healthy individuals with excellent insulin sensitivity. This might reflect the effect of insulin resistance on slowing gastric emptying, but this is not clear at present.
Similarly, there is insufficient data to show which form of arginine (free base, chloride, or aspartate salt) is best tolerated. There are also no data to show whether trans-stimulation of uptake by coingestion with a neutral amino acid might improve uptake. It may also be possible to improve pharmacokinetics by using dipeptides containing arginine because of their more rapid uptake. Unfortunately, arginine homopolymers, which are polycations, are contra-indicated, because they damage the mucosa, as Smith and colleagues (137) discovered nearly 30 y ago, and are efficient cell-penetrating peptides that augment drug delivery (138) .
Intolerance therefore seems to occur through a combination of simple osmotic action and excess NO production, but there are still several strategies that might reduce the likelihood of adverse affects and further improve the therapeutic usefulness of these amino acids.
